Inflammator conversion of murineastrocytescorrelateswith the activation of various MAPK, and inhibition of terminal MAPKs like JNKorp38dampensthe inflammator reaction. Mixed lineagekinases(MLKs), a familyof MAPKkinase kinases,may therefore be involved in astrocyte inflammation In this study,weexploredthe effect of the MLK inhibitors CEP-1347 and CEP-11004 on the activation of murineastrocytesby either TNF plus IL-1or byacomplete cytokine mix containing additional IFN-␥. The compounds blockedNO-, PG-, and IL-6 release with a median inhibitory concentration of ϳ100 nM.Thisactivity correlated with a block of theJNKand the p38 pathways activated in complete cytokine mix-treated astrocytes. Although CEP-1347 did not affect the activation of NF-B, it blocked the expression of cyclooxygenase-2 and inducible NO synthase at the transcriptional level. Quantitative transcript profilin of 17 inflammation-linke genes revealed aspecifi modulation patternof astrocyte activation byMLK inhibition,for instance, characterized by up-regulation of theanti-stress factorsinhibitor of apoptosis protein-2 and activated transcription factor 4, no effect on manganese superoxide dismutase and caspase-11, and down-regulation of major inflammator players like TNF,GM-CSF,urokinase-type plasminogen activator, and IL-6. In conclusion, MLK inhibitors likeCEP-1347 are highlypotentastrocyte immune modulators with a novelspectrum ofactivity.
A strocytes, the most abundant celltypeintheCNS, are mainly responsible for CNS homeostasis. They alsotake part in the innate immune response ofthebrainand are capable of producing most inflammator mediators generally associated with macrophages, e.g., NO,PGs, ILs, chemokines, and extracellular proteases (1, 2) . Typical stimuli used to activateastrocytes are TNF-␣, IL-1␤, and IFN-␥ (3) anda complete mixof these cytokinesresultsin afull-blown inflammatio response.
MAPKs playarole in theactivation of glia cells and regulate various inflammator endpoints. In brainautopsies,astrocytesdisplaying activated p38 (4 -6) and/orJNKcan befound in various pathological situations (7) (8) (9) (10) . In vitro JNK and p38are activated in astrocytes stimulated by proinflammator cytokines like IL-1␤, and inhibition of JNKandp38 reduces expression ofinflammator endpoints like inducible NO synthase(iNOS),3 TNF, and IL-6 (11) . The expression patternofseveral MAPKssuggests involvement in various neurodegenerative diseases (12) (13) (14) .
JNK and p38 are the convergence points of many physiological signals and acompletechronic blockade of these kinases might have unforeseen negative effects. Analternative strategy toblock only the pathologicalactivationof JNKand p38is to intervene at one of the controlling upstream kinases,such as the family of mixed lineagekinases(MLK).Therefore, we examined the role of MLKs in astrocyteinflammation
The MLKsare afamily ofserine/threonineMAPK kinase kinase (MAPKKK) (one among severalfamilies) involved in regulating signaling through the stress-activated protein kinases JNK and p38 (for a review, seeRef. 15). TheMLKscomprise a family of seven members and are typically activatedbyinflammator stimuli like LPS, cytokines, and stress. MLK3 is the best characterized of the MLKs. It has been shown that MLK3 (and other MLK family members)canactivate the JNK pathway through the phosphorylation of MAPK kinases (MKK) 4 and 7 (16 -19) . Furthermore, MLK3 can phosphorylate MKK3, and thereby activate p38 (20) .Most pharmacological workon MLKin mammalian cells is based on the use of the small-molecule inhibitor CEP-1347 (15) . This compound is a semisyntheticderivative ofthe indolocarbazole K-252a with high selectivity for MLKs (21) .
CEP-1347, which blocks all members of the MLK family, was discovered for its capacity to promote the survival of neurotrophindeprived cholinergicneurons.Later, mechanistic studies showed that treatment with CEP-1347 selectively inhibits JNK activation induced by overexpression of different members of the MLKfamily (MLK1-3, dual leucinezipper-bearing kinase (DLK),leucine zipperbearing kinase(LZK)),but not activationinduced by membersof other MAPKKK families like MAPK/ERK kinase 1, tumor progression locus 2, and apoptosissignal-regulating kinase1 (22) . CEP-1347 inhibits MLK family members bycompetingfor ATP binding.
CEP-1347 has an IC50 value of 60 nM for MLK1,80nM for MLK2, and 40 nM for MLK3inacell-based kinase assay, while it does not directly inhibit MKKs, JNK, or p38 in cells (22) . CEP-11004 is a selective MLK inhibitor of the same structural class as CEP-1347. It is also neuroprotective in vitro as well as in vivo, and inhibits activation of JNKbyMLK in cells/tissue within aconcentration range of 30 -1000 nM (23) . The availability of specifi and cell-permeable MLK inhibitors allows the examination of the role of MLKs in astrocyteinflammation In this report, we examined whether MLK inhibition blocked the release of inflammator mediators and the activation of MAPK. We examined the correlation of these effects in astrocytes, and described a new pattern of inf ammatory modulation due to MLK inhibition.
Materials and Methods

Materials
Complete cytokine mix (CCM) contained 10 ng/ml murine TNF-␣, 10 ng/ml murine IL-1␤ (Sigma-Aldrich, Copenhagen, Denmark), and 5 U/ml recombinant murine IFN-␥ (R&D Systems, Abingdon, U.K.). Other reagents were CEP-1347 (3,9-Bis[(ethylthio)methyl]-K-252a) and CEP-11004 (3,9-Bis[(propylthio)methyl]-K-252a) (21) both synthesized at Cephalon (West Chester, PA) and Ono-2506 ((R)-(-)-2-propyloctanoic acid) (24) synthesized by H. Lundbeck (Valby, Denmark). Basic laboratory chemicals and inhibitors were purchased from Sigma-Aldrich unless stated otherwise.
Primary astrocyte cultures
Pregnant C57BL/6jbom mice were purchased from Harlan (Horst, Holland). All experimental procedures were conducted in accordance with the directives of the Danish National Committee on Animal Research Ethics and the European Communities Council Directive No. 86/609 for care of laboratory animals.
Primary cortical astrocytes were prepared from 1-to 2-day-old mice according to a slightly modif ed version of a protocol by Weinstein (25) . In brief, brains from six pups were removed and kept on ice in a PBS buffer containing 2 g/L glucose and 0.001% (w/v) phenol red, pH 7.4 (PBS-G). The cortices were dissected out, and hippocampi and meninges were carefully removed before digestion in PBS-G containing 10 mg/ml trypsin TRL (Worthington Biochemical, Lakewood, NJ), 1 mg/ml DNase (Worthington Biochemical), and 5 mg/ml MgSO 4 for 3 min at 37°C. Tissue was washed in PBS-G and triturated in PBS-G with 0.5 mg/ml DNase using sequentially an 18-, 20-, and a 23-G needle. Cells were f ltered through a 70-m mesh (Falcon; BD Biosciences, Brøndby, Denmark), pelleted (150 ϫ g for 5 min), and resuspended in PBS-G containing DNase and MgSO 4 . Cells were carefully layered over a 30% Percoll solution (Amersham Biosciences, Hørsholm, Denmark) in PBS-G and centrifuged at 150 ϫ g for 10 min. Cells were recovered from the interface, washed once with 15 ml of PBS-G (100 ϫ g for 5 min), and resuspended in DMEM (high glucose), 10% FCS, 100 U/ml penicillin, and 100 g/ml streptomycin. This medium was used for growing cells, but for all experiments cells were changed into 2% FCS. All medium constituents were purchased from Invitrogen Life Technologies (Taastrup, Denmark). Cells were counted in a trypan blue solution to assess viability, and seeded at a density of 10,000 cells/cm 2 in 185 cm 2 f asks (all dishes used were from Nunc, Roskilde, Denmark). The medium was changed after 3 days, and subsequently twice a week. Cells were trypsinized and reseeded after 14 days in primary culture and were always used for experiments 6 -8 days after replating.
Standard cell incubation scheme
CCM model. Cells were preincubated with inhibitors for 30 min before addition of cytokine mix (CCM). After 24 h, protein, cytokine production, and nitrite production were measured. For signaling studies, samples were lysed after 30-60 min. For time titration of mRNA or protein expression levels, CCM was added at different times. Cells and supernatant from all wells were then harvested at the same time.
Enzyme-linked immunoassays
IL-6 was measured using a murine-specif c OptEIA ELISA kit from BD Pharmingen (Brøndby, Denmark) in MaxiSorp plates from Nunc. PGE 2 was measured using a competitive immunoassay, correlate-EIA kit from Assay Designs (Ann Arbor, MI), according to the manufacturer's instruction. The kit has cross-reactivity to PGE 1 (70%) and PGE 3 (16.3%). RANTES was measured using the murine-specif c Quantikine M kit from R&D Systems.
Nitrite measurement
Nitrite was measured by use of the Griess reagent. In brief, 50 l of supernatant or NaNO 2 standards were mixed with 25 l of N-(1-naphthyl) ethylenediamine (0.1% in H 2 O) and 25 l of sulfanilamide (1% in 1.2N HCl) in a 96-well plate. After 3 min, samples were read at 570 -690 nm.
Western analysis
The protein levels of cyclooxygenase-2 (Cox-2), iNOS, glial f brillary acidic protein (GFAP), and ␤-actin were assessed using Western blot analysis. Astrocytes were washed once in PBS before lysis in ice-cold buffer containing 1% Nonidet P-40, 20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 4 mM iodo acetamide, 10 mM NaF, 1 mM 4-(2-aminoethyl)-benzene sulfonyl f uoride hydrochloric acid (AEBSF), 1 mM Na 3 VO 4 , and "Complete mini" protease-inhibitor mix from Roche (1 pill/10 ml buffer; Hvidovre, Denmark). The lysate was transferred to a microfuge tube and incubated for 15 min on ice before cellular debris was spun down for 10 min at 10,000 ϫ g, 4°C. The supernatants were transferred to a fresh tube and stored at Ϫ80°C. The protein concentration was determined by the bicinchoninic acid method using a commercial kit from Pierce (Rockford, IL). The NuPAGE-kit (4 -12% Bis-Tris gel run with MOPS buffer under reducing conditions) from (Invitrogen Life Technologies) was used for electrophoresis according to the manufacturer's instruction. Gels were run for ϳ1 h at 200 V before blotting proteins onto an activated PVDF membrane (Immobilon P; Millipore, Glostrup, Denmark) using wet-transfer blot module XCell2 from Invitrogen Life Technologies. Membranes were blocked with 5% milk in TBST (2.42 g/L Tris base, 8 g/L NaCl, and 0.1% Tween 20, pH 7.6), washed with TBST and incubated with primary Ab dissolved in 5% milk in TBST overnight at 4°C. Blots were washed and incubated with appropriate HRP-conjugated secondary Abs, (rabbit antimouse 1/2,000, and goat anti-rabbit 1/1,000 both from DAKO (Glostrup, Denmark)) for 1 h at room temperature, and developed using ECL or ECLϩ (Amersham Biosciences). Primary Abs used were mouse IgG anti-GFAP clone G-A-5 (Sigma-Aldrich) used at a dilution of 1/1,000. Rabbit polyclonal anti-mouse Cox-2 (1/1,000) and rabbit polyclonal anti-mouse iNOS (1/2,000) from Alexis were purchased through A. H. Diagnostics (Aarhus, Denmark). Mouse anti-␤-actin clone AC-15 (Sigma-Aldrich) (1/ 5,000) was also used.
For signaling studies, the same Western blot procedure was used. The membranes were f rst stained with a phosphospecif c Ab, stripped, and reblotted with the phospho-nonspecif c Ab or anti-␤-actin. The membranes were sealed in a plastic bath with 10 ml of a stripping buffer (2% SDS, 50 mM Tris-HCL, and 100 mM 2-ME) and incubated for 25 min at 55°C in a water bath.
Primary Abs used were rabbit polyclonal anti-phospho-Akt at a dilution of 1/1,000, rabbit polyclonal anti-Akt (1/1,000), rabbit polyclonal antiphospho-ERK (1/1,000), and rabbit polyclonal anti-c-Jun (1/2,000) all from Cell Signaling Technology (Beverly, MA), but purchased through Medinova Scientif c (Hellerup, Denmark). Mouse monoclonal antiphospho-c-Jun clone KM-1 (1/1,000), mouse monoclonal anti-phospho-JNK clone F-7 (1/1,000), mouse monoclonal anti-phospho-MKK3/6 clone B-9 (1/500), rabbit monoclonal anti-MKK3 clone N-20 (1/1,000), and goat monoclonal anti-MKK6 clone V-20 were all purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Quantitative PCR
Cells stimulated in 10-cm dishes were washed once with PBS and total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's protocol. Purif ed RNA was treated with DNA-free, DNase-1 (Ambion, Huntingdon, U.K.) according to the manufacturer's protocol. Total RNA (1 g) was reverse transcribed with TaqMan RT Reagent (Applied Biosystems, Naerum, Denmark) using random hexamers in a 100-l reaction on a PTC-200 DNA Engine Thermal Cycler (VWR International, Albertslund, Denmark), using a program of 10 min annealing at 25°C, 30-min reverse transcription at 48°C, 5-min inactivation at 95°C. The cDNA was quantif ed using the SYBR GREEN PCR Master Mix kit (Applied Biosystems). Each reaction contained 2.5 l of cDNA of the 100-l reverse transcription product, 300 nM forward and reverse primers, 12.5 l of master mix, and 7 l of water in a total volume of 25 l. PCR amplif cation was run in a 96-well experimental plate format on an iCycler Thermal Cycler equipped with an iCycler Optical System (BioRad, Hercules, CA). The program set-up was 10 min at 95°C, 40 cycles of 15Ј at 95°C/1 min at 60°C. A melting curve was obtained to verify the measured signal and the product was run on a 4% agarose gel to verify the presence of only one band. Quantif cation was performed as follows: using the iCycler data analysis software (Bio-Rad), the threshold cycle (Tc) was determined for each sample. Tc was def ned as the cycle at which the level of f uorescence increased signif cantly above the background levels of f uorescence. The concentration of cDNA was calculated by comparing the Tc of samples to the Tc of a standard curve. The standard curve was obtained by a serial dilution of cDNA. Each sample was run in two reactions, one with the primer set of interest and one with a GAPDH primer set, and all data are displayed as the ratio between the calculated starting concentration of the cDNA of interest and GAPDH. All primers except for the housekeeping gene GAPDH were intron spanning to distinguish cDNA from genomic DNA. For GAPDH, the order of magnitude between the samples and the samples without reverse transcriptase was above 10 6 . Primers used were GAPDH sense (Accession no. NM_008084): 5Ј-TGC ACC ACC AAC TGC TTA G-3Ј, antisense: 5Ј-GGA TGC AGG GAT GAT GTT C-3Ј. Activated transcription factor 4 (ATF4) sense (NM_009716): 5Ј-CTC CTCGGCCCAAACCTTATGA-3Ј, antisense 5Ј-GGTACCTAGTGGCT GTCTTGTTTT-3Ј. Cox-2 sense (NM_011198): 5Ј-GTG TGA CTG TAC CCG GAC TGG ATT CTA-3Ј, antisense: 5Ј-ACT GTG TTT GGG GTG GGC TTC A-3Ј. DLK sense (NM_009582): 5Ј-CTT TGG GGG CTT TGT GTC TAC TCT AA-3Ј, antisense 5Ј-GTG GGC GTC AGG TCT TTC TCG-3Ј. Inhibitor of apoptosis protein-2 (IAP-2) sense (NM_007465): 5Ј-GTC TGG CTC GTG CTG GCT TTT ATT AT-3Ј, antisense 5Ј-TGT CCC CTT GTT TCC AGT TAT CCA-3Ј. IL-6 sense (J_03783): 5Ј-GGA GCC CAC CAA GAA CGA TAG TCA-3Ј, antisense: 5Ј-GAA GTA GGG AAG GCC GTG GTT-3Ј. iNOS sense (NM_010927): 5Ј-TTG CCA CGG ACG AGA CGG ATA GG-3Ј, antisense: 5Ј-GGG CAC ATG CAA GGA AGG GAA CTC-3Ј. MLK1 sense (NM_177395): 5Ј-CGC CTT CGA GCC ATC CAG TT-3Ј, antisense 5Ј-GCT CCG GCC CCA GGT TTT AC-3Ј. MLK2 sense (XM_194344): 5Ј-CGC CGC ACC CTC AGA CCT-3Ј, antisense 5Ј-CCA TAC GGC GCG ATA GAC TTT G-3Ј. MLK3 sense (NM_022012): 5Ј-TGT CTT GCC GTA GCC TAT GGT GTG-3Ј, antisense 5Ј-TGC GGT GGG GGT CCT GTG-3Ј. RANTES sense (NM_013653): 5Ј-GCA GCT GCC CTC ACC ATC ATC-3Ј, antisense 5Ј-GAG GCA GCG CGA GGG AGA G-3Ј. TNF sense (Accession no.: NM_013693): 5Ј-CTA TGG CCC AGA CCC TCA CAC TCA-3Ј, antisense: 5Ј-CAC TCC AGC TGC TCC TCC ACT TG-3Ј. Urokinase-type plasminogen activator (uPA) sense (NM_008873): 5Ј-AGG TTT ACT GAT GCT CCG TTT GGT TC-3Ј, antisense 5Ј-TTT ACG ACG GAC ATT TTC AGG TTC TTT-3Ј. Primers were designed using the DNAS TAR software package (Madison, WI) and all primers were blasted using BLASTn (www.ncbi.nlm.nih.gov/BLAST/).
Transcript analysis by oligonucleotide hybridization analysis
We selected a short list of mouse genes known to be up-regulated in astrocyte inf ammation. For each of these genes, one oligonucleotide (40 -50 mer) was designed by MWG Biotec (Ebersberg, Germany) using their proprietary Oligo4array software and CodeSeq database, which selects the oligos preferentially from the 3Ј-region of each coding sequence. Furthermore, each oligomer was scrutinized to meet physicochemical parameters (like melting temperature, self-complementarity, secondary structure, etc.) and extensively tested to minimize cross-hybridization to other sequences of the mouse genome in silico. All oligos were synthesized using MWG Biotec's high purity salt-free technology followed by MALDI-TOF quality control.
The oligomers were spotted onto activated glass slides (Pan Epoxy, MWG Biotec or CodeLink, Amersham) using a 417 Affymetrix "ring and pin" spotter (purchased through MWG Biotec). Sample preparation and labeling was conducted as described by J. DeRisi (www.microarrays.org/ protocols.html), a protocol derived from Hughes et al. (26) . In brief: 12-15 g of total RNA were reverse transcribed using a random hexamer and dT16 primers and Superscript II reverse transcriptase (Invitrogen Life Technologies), incorporating amino-allyl dUTP into the f rst strand cDNA. After the cDNA synthesis, the remaining RNA was hydrolyzed and after a clean-up step (Microcon-30 spin f lters; Millipore), Cy-3 or Cy-5 dye esters, respectively, were coupled to the cDNA samples. Excessive dye and buffer were removed with QiaQuick PCR purif cation columns (Qiagen, Valencia, CA) and the eluates were concentrated with Microcon-30 spin f lters. The hybridization mixture contained the Cy-labeled cDNAs in hybridization buffer (50% formamide, 6ϫ SSC, 5ϫ Denhardt's, 0.5% SDS, and 50 mM sodium phosphate, pH ϭ 8) and was denatured for 5 min before incubation on the slides for 16 h at 42°C. Washing was conducted in three steps of increasing stringency: 2ϫ SSC, 0.1% SDS followed by 1ϫ SSC, 0.01% SDS and 0.5ϫ SSC (all solutions were preheated to 30°C). Finally, each slide was spun dry and scanned in a 428 Affymetrix confocal laser scanner at three different intensities (photo multiplier gains).
The microarrays were analyzed using ImaGene 4.2 (BioDiscovery; purchased through MWG Biotec) for spot location, array alignment, and background subtraction. Signal intensities for individual spots were adjusted for local background. Microsoft Excel was used for further statistical analysis of the ImaGene output f les, e.g., Cy3-Cy5 ratio normalization was conducted by multiplying each ratio value with a scaling factor, which was def ned as the ratio of the overall signal intensity of the Cy5 vs Cy3 channel (27) . Each microarray experiment was performed at least twice independently. To further account for bias introduced by dye bleaching or labeling, each experiment was conducted as a dye-swap experiment with the resulting ratio value being the arithmetical mean from two slides of oppositelabeled sample pairs. Genes with very low signal intensities (Ͻ5-fold of the background) were excluded from the analysis.
NF-B assays
NF-B p65 transcription factor assay TransAM from Active Motif (Rixensart, Belgium) was performed according to the manufacturer's protocol (28) . In brief, cells were stimulated appropriately and lysed using the supplied lysis buffer mixed with DTT and protease inhibitors. The protein concentration was determined using the bicinchoninic acid method. An ELISA plate precoated with NF-B consensus element (5Ј-GGGACTT TCC-3Ј) was blocked with herring sperm DNA and soluble wild-type consensus element was added to half of the wells to compete out the p65-binding. Twenty micrograms of protein of every sample were added to each of four wells, two wells with, and two wells without the competing oligonucleotide. The plate was incubated for 1 h and washed three times with the supplied wash buffer. A primary p65 Ab that recognizes an epitope, only accessible when p65 is bound to DNA was added and after shaking for 1 h the plate was washed three times. A secondary HRPconjugated Ab was added and after 1 h the plate was washed four times and developing solution was applied. Ten minutes later, a stop solution was added and the absorbance was read at 450 -690 nm using a spectrophotometer. Results displayed are the total signal for each sample minus the signal not competed out by the large excess of wild-type oligonucleotide. NF-B p65 translocation assay. Primary astrocytes were stimulated in 96-well plates and the Cellomics HitKit (Reading, U.K.) was used according to the manufacturer's protocol to stain the cells. In brief: cells were f xed, permeabilized, and subsequently stained with a primary Ab against the NF-B p65 subunit. A secondary Alexa Fluor 488-conjugated secondary Ab was used as a detection Ab together with 5 g/ml Hoechst 33342. The plate was loaded onto the Cellomics Arrayscan II system. Using the cytoplasm to nuclear translocation application, the system automatically located, focused, and exposed according to application-specif c criteria, and read and analyzed the images collected from multiple f uorescent channels. Changes in the distribution of f uorescently labeled NF-B were automatically analyzed and quantif ed using image-based algorithms and exported to an Excel spreadsheet. An average of 90 cells per f eld and a total of 10 f elds per well were counted. Each data point is the average of three wells displayed as the total nuclear f uorescence (determined by colocalization with Hoechst 33342) minus the total cytoplasmic f uorescence.
p-c-Jun assay
p-c-Jun assay. Primary astrocytes were stimulated in 96-well plates and the Cellomics HitKit was used according to the manufacturer's protocol to stain the cells. In brief, cells were f xed, permeabilized, and subsequently stained with a primary Ab against the phosphorylated c-Jun. A secondary Alexa Fluor 488-conjugated secondary Ab was used as a detection Ab together with 5 g/ml Hoechst 33342. The plate was loaded onto the Cellomics Arrayscan II system. Using the cytoplasm to nuclear translocation application, the system automatically located, focused, and exposed according to application-specif c criteria, and read and analyzed the images collected from multiple f uorescent channels. Changes in the distribution of f uorescently labeled p-c-Jun were automatically analyzed and quantif ed using image-based algorithms and exported to an Excel spreadsheet. An average of 90 cells per f eld and a total of 10 f elds per well were counted. Each data point is the average of three wells displayed as the total nuclear f uorescence (determined by colocalization with Hoechst 33342) plus the total cytoplasmic f uorescence.
Statistics
Unless otherwise indicated, all results are displayed as means Ϯ SD of triplicates. PGE 2 data are displayed as means of duplicates Ϯ SD (range). Only data from experiments conf rmed at least once are displayed. When compound potencies were compared, data for the same experiment in the same cell preparation are shown. One-way ANOVA, followed by the Tukey-Kramer test, was used for statistical evaluation. ‫,ء(‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01).
Results
CEP-1347 and CEP-11004 as inhibitors of astrocyte NO release
A CCM, a mixture of the proinf ammatory cytokines IL-1␤, TNF-␣ and IFN-␥, was used to induce a fulminant inf ammatory state in murine astrocytes leading to a robust production of NO, PGs, and cytokines (1) .
In this model, two MLK inhibitors, CEP-1347 and CEP-11004, were f rst tested for their effect on NO release as a simple general measure of astrocyte activation. CEP-1347 and CEP-11004 both (Fig. 1A) . To rank the potency of compounds within our model, we compared the MLK inhibitors to established anti-inf ammatory tool compounds. Ono-2506 is a novel inhibitor reported to reduce astrocyte inf ammation in vivo and is the only known astrocyte-specif c compound (24) . This drug reduced the production of NO in a concentration-dependent fashion although with 1,000 times less potency compared with MLK inhibitors (Fig. 1B) . Both JNK and p38 inhibition reduced the production of NO. However, complete inhibition as seen with CEP-1347 and 11004 was not observed at concentrations up to 5 M of SP60125 and SB203580 (Fig. 1C) . MLKs have been reported to reside upstream of both JNK and p38. Therefore, we tested whether inhibition of p38 (by SB203580) and JNK (by SP600125) together could explain the complete abolishment of NO production by the MLK inhibitors. The two stress-activated protein kinase inhibitors showed a clearly additive effect and combination treatment resulted in almost full inhibition of NO production when both compounds were used at 5 M (Fig. 1D) .
Effect of MLK inhibitors on the induction of inflammator enzymes
To examine whether the inhibition of NO production may be due to direct iNOS inhibition, we stimulated the cells for 16 h, washed the cytokines away, and added CEP-1347 with or without cycloheximide. Under these conditions, iNOS is already induced when the drug is added, and a potential inhibition of the steady state production was examined. Our results showed that CEP-1347 is not a direct iNOS inhibitor (no block of steady state production) and also that most of the iNOS enzyme had already been produced at 16 h (no difference whether cycloheximide was added or not) ( Fig. 2A) .
Next, we examined whether the effect of CEP-1347 was rather explained by blockage of iNOS protein expression. Western blot analysis showed that up-regulation of iNOS was clearly prevented by MLK, JNK, and p38 inhibition. The general marker for activated astrocytes, GFAP, was not affected by the inhibitors (Fig.   2B ). Expression of another inf ammation-specif c protein, Cox-2, was also blocked similarly to iNOS.
CEP-1347 and CEP-11004 as general inhibitors of astrocyte inflammatio
After these f ndings of a potential anti-inf ammatory effect, the MLK inhibitors were tested for their ability to also prevent cytokine and PG production in the model. Both inhibitors down-regulated the production of IL-6 and PGE 2 , similarly potent as NO. This suggests that the MLK inhibitors worked as more general blockers of astrocyte activation (Fig. 3, A and B) . Removal of IFN from the cytokine mix used to activate the cells abolished the production of NO, reduced the production of IL-6, but did not affect the production of PGE 2 . This change of the stimulation condition did not affect the inhibitory properties and potency of the drugs (Fig. 3, C and D) . The effect of the Ono-2506 and MAPK inhibitors was also tested against IL-6 production. Ono-2506 showed the same low potency/high eff cacy as for NO (Fig. 4 ). All MAPK inhibitors had a larger effect on IL-6 production than on NO, suggesting a selective regulation of different pathways (Fig. 4B) . Nevertheless, the MLK inhibitors were at least one order of magnitude more potent.
CEP-1347 and CEP-11004 act on their expected target pathway in primary astrocytes
We examined whether MAPK pathways were activated and modif ed as expected. CCM induced a long-lasting, strong activation of ERK and JNK, peaking at 1 h and staying up for at least 4 h for ERK and 8 h for JNK (Fig. 5A) . After 1 h stimulation, ERK and JNK phosphorylation were up-regulated 27 and 8 times, respectively, as determined by densitometric scans of triplicate determinations (not shown). We selected the 1 h time point for additional experiments, and observed an increased phosphorylation of c-Jun (a downstream transcription factor of JNK). Moreover, phosphorylation of MKK3/6, an upstream kinase of p38, was increased (Fig.  5, B and C) .
MLK inhibition reduced the phosphorylation of JNK and c-Jun (Fig. 5B) . Quantitation of JNK phosphorylation by immunoblot densitometry conf rmed a signif cant ( p Ͻ 0.01) inhibition by 60 Ϯ 7%. To complement the immunoblot analysis, we used a single cell immunof uorescence approach to quantify the effect of CEP-1347 and SP600125 on c-Jun phosphorylation, the terminal event of the JNK signaling chain. An accumulation of phosphorylated c-Jun was observed within the nucleus, but an even stronger staining was observed in the cytoplasm of activated cells in structures resembling cytoskeletal elements (Fig. 6A) . This staining was increased signif cantly as early as 15 min after cytokine treatment, peaked at 60 min, and decreased again after 4 h (Fig. 6B) . We again selected the 1 h time point for additional experiments, and observed a complete inhibition of c-Jun phosphorylation by pretreatment with 200 nM CEP-1347. SP600125 prevented c-Jun phosphorylation partially at the concentrations used in this study (Fig. 6C) .
The band for p-MKK3/6, the upstream kinases of p38, was also reduced by MLK inhibition (Fig. 5C) suggesting that MLK inhibition affects signaling by inhibiting activation of both the JNK and the p38 pathways. No signif cant effects were seen for MLK inhibitor treatment on AKT Ser473 phosphorylation or ERK (data not shown). Inhibitors of p38 (SB203580) and MEK1 (U0126) had no signif cant effect on the phosphorylation state of any of the kinases examined. Because this is the f rst report describing a role of the MLK family in astrocytes, we examined the expression of the different MLK family members. MLK 1, 3, and DLK were all highly expressed, while MLK 2 was expressed at a lower level (Fig. 5D ). An interesting observation is that MLK3 expression was enhanced by cytokine treatment, both on the mRNA and the protein level (Fig. 5D) .
Effect of CEP-1347 and CEP-11004 on NF-B activation
NF-B is one of the master controllers of inf ammation. Its activation is associated with cytoplasm-to-nucleus translocation. Therefore, we used NF-B translocation from the cell cytosol to the nucleus as a measure of NF-B activation. This change in A, Cells were lysed after the times indicated. After blotting with the phosphospecif c Abs, the membranes were stripped and reprobed with Abs for total kinase amount. ‫,ء‬ Unspecif c, constitutively present band. B, The effect of MLK, ERK, and p38 inhibitors on the JNK pathway was examined. Cells were pretreated with inhibitors for 30 min. Cells were lysed 1 h after CCM addition. ␤-Actin was used as a loading control. C, The samples of B were analyzed for p-MKK3/6 (upstream kinases of the p38 MAPK pathway). The membranes were reprobed with pan-MKK3/6 Abs. D, Total RNA was purif ed from untreated cells or cells treated with CCM for 4 h, and reverse transcribed to cDNA. Differences in mRNA expression were determined by quantitative PCR and data presented as relative levels normalized to the GAPDH concentration in the sample. All data are presented as means of triplicates Ϯ SD. Inset, Cells were treated with CCM for 4 h. Western blot analysis was performed on astrocyte lysates using Abs against MLK3. cellular localization was assessed by quantitative immunocytochemistry. A large translocation of NF-B was seen already after 5 min of stimulation with CCM, with a maximal amount of NF-B being in the nucleus 15-30 min after CCM addition. The amount of NF-B within the nucleus decreased gradually over 24 h (Fig.  7A) . The data from the translocation assay correlated well with data from an NF-B DNA binding assay (Fig. 7B) , showing that the translocation assay is suitable for the assessment of NF-B activation. To evaluate the effect of MLK inhibition on NF-B activation, we added MLK inhibitors before stimulating cells for various times with CCM. Two different MLK inhibitors did not affect NF-B translocation at any time point (Fig. 7, A and C) , suggesting that MLK inhibition in astrocytes reduces inf ammation independently of NF-B activation.
Effect on transcriptional regulation
Proinf ammatory cytokines trigger a large and complex inf ammatory response in astrocytes. To get further insight into how CEP-1347 modulates this response, we took advantage of a small custom-spotted array containing probes for a representative set of inf ammatory genes known to be activated by CCM. The inf ammation-linked genes chosen were all conf rmed to be regulated by CCM in our model. Total RNA was purif ed from astrocytes stimulated for 4 h under different conditions, and expression levels of relevant pairs of samples were directly compared by hybridization. Our results clearly showed that CEP-1347 was a transcriptional regulator, however, it did not induce a general inhibition of all inf ammation-related genes but differentially modulated the response to CCM treatment. Three types of regulation by CEP-1347 were observed. First, IL-6, iNOS, and Cox-2 were all down-regulated by treatment with the MLK inhibitor, as was granulocyte/ macrophage-CSF (GM-CSF), a microglia activation factor (Fig.  8) . Second, CEP-1347 treatment did not affect the up-regulation of GSK-3, NF-B1, CD95, caspase 11, and manganese superoxide dismutase (MnSOD). Third, two genes that were induced by CCM treatment (one borderline) were even further induced by CEP-1347 treatment. Interestingly, these genes were IAP-2, which codes for an antiapoptotic protein, and ATF4, a transcription factor involved in a general antioxidant response (Fig. 8) . The latter gene was also induced after treatment of control astrocytes by CEP-1347 alone (Fig. 9H) .
To conf rm the differential hybridization data, we performed quantitative PCR both looking at the 4 and 8 h time point. Cox-2, iNOS, and IL-6 mRNA were down-regulated by CEP-1347 treatment at both time points (Fig. 9, A-C) . Two genes, which were not represented on the hybridization array, were TNF-␣ and uPA, an extracellular protease. Both genes were signif cantly down-regulated (Fig. 9, D and E) . The level of RANTES mRNA was reduced slightly at 4 h, conf rming the borderline regulation seen on the array (ratio 0.58), but even more so at 8 h (Fig. 9G) . At 4 h, IAP-2 and ATF4 were both signif cantly up-regulated by CEP-1347/ CCM compared with CCM treatment, but at 8 h CEP-1347 affected neither gene (Fig. 9, F and H) . Thus, PCR data fully conf rmed and further complemented the hybridization data.
Effects of delayed drug treatment
To obtain some preliminary information on whether CEP-1347 only blocks the onset of inf ammation or may also be effective in dampening it, once initiated, we added CEP-1347 at different time points after CCM. Expression of iNOS and Cox-2 was then quantif ed 8 h after CCM stimulation. CEP-1347 entirely blocked iNOS regulation when given up to 4 h after CCM and reduced the mRNA for iNOS by 50% when given after 6 h. At these time offsets, Cox-2 regulation was still entirely blocked (Fig. 10, A and C) . This probably ref ects the different half-lives of the two mRNAs, but also shows that CEP-1347 does not have to be present before the insult, but can interrupt astrocytic reactivity even when administered at a later stage of inf ammation. Furthermore, it also suggests a continued MLK activation in our model. The PCR data for iNOS were conf rmed by nitrite measurements done after 24 h of CCM treatment. When CEP-1347 was added 6 h post-CCM it prevented ϳ50% of the NO produced after 24 h (Fig. 10B) .
Discussion
The pan-MLK inhibitor CEP-1347 is neuroprotective in many different disease models in vitro and in vivo (29 -32) . Up to now all studies on the ability of CEP-1347 to block neurodegeneration were focused on direct neuroprotection, while any possible effects on glial cells have been neglected. In this study, we show, for the f rst time that CEP-1347 also acts on astrocytes, and we provide evidence for MLK kinases as pivotal drivers in astrocytic inf ammation.
Astrocytes are the most abundant cell type in the brain (comprising up 50 -60% of the total cell number) and the position surrounding the blood-brain barrier makes astrocytes important regulators of cell traff cking into the brain (2, 33) . Like Kupffer cells in the liver, astrocytes have a sentinel function and are capable of launching a powerful innate immune response to battle infection and shield off areas of damage. This astrocytic immune response can become overly activated after damage to the brain, and this can further exacerbate neurodegenerative processes.
In inf ammatory settings, astrocytes cooperate with microglia, which provide the f rst wave of inf ammatory cytokines. Therefore, FIGURE 8. The anti-inf ammatory prof le of CEP-1347. Cells were pretreated for 30 min with CEP-1347 before treatment for 4 h with CCM. Total RNA was purif ed and labeled cDNA was prepared. Different competitive cDNA hybridization experiments were done on a small custom array for CCM vs control, CCM ϩ CEP-1347 (500 nM) vs control and CCM ϩ CEP-1347 vs CCM. Data presented are the average of two dye-swap hybridizations for one cell preparation. All data are presented as means of duplicates Ϯ range.
FIGURE 9.
Quantitative PCR measurements of inf ammation-related RNAs. Cells were pretreated for 30 min with CEP-1347 (500 nM) and treated with CCM for 4 or 8 h. Total RNA was purif ed and reverse transcribed to cDNA. Differences in mRNA expression were determined by quantitative PCR and data presented as relative levels normalized to the GAPDH concentration in the sample. All data are presented as means of triplicates Ϯ SD. we used a model where primary astrocytes were stimulated by a mixture of such microglia-derived factors. In this set-up, we f rst tested two inhibitors of the mixed lineage kinase (MAPKKK) family, CEP-1347 and CEP-11004, for their ability to inhibit NO production and we found that they had surprisingly strong antiinf ammatory effects (100% inhibition) within the normal concentration known for MLK inhibition. Their effect was not due to direct inhibition of iNOS, but due to prevention of the transcription of the enzyme as indicated by the results from the hybridization experiment and conf rmed by PCR. One aspect of the ability of CEP-1347 to block astrocyte activation, requiring more attention in the future, was the ability of the drug to stop an already ongoing immune response. This could make the drug highly interesting for chronic disease situations.
MLK inhibitors have not previously been tested on astrocytes. Therefore, we investigated whether their effects correlated with the known inhibitory activity of CEP-1347 on MAPK pathways. By use of p-MAPK-specif c Abs and various inhibitors, we established initially that cytokine stimulation indeed activates the relevant kinases. Then we conf rmed that specif c p38 and JNK inhibitors both reduced the production of the various inf ammatory mediators. In agreement with the upstream position of MLKs to p38 and JNK, we observed that p38 and JNK inhibitors resulted in a similar extent of inhibition as CEP-1347 only when used in combination. Despite the clear effect of various highly specif c p38 inhibitors in our astrocyte model system (3), we were not successful in measuring p38 phosphorylation in astrocytes directly. We do not know the reason for this, because the technology worked well in our laboratory on other cell types. As a surrogate, we measured phosphorylation of MKK3/6, the kinase directly upstream of p38. Together, our results suggest that CEP1347 indeed modulates the inf ammation-associated activity of stress-activated kinases. Thus, the activity pattern is as expected and f rmly established in other cellular systems (15, 22) . Moreover, recent unpublished data from our laboratory indicate that a regulation of JNK and of p38 signaling by CEP1347 also occurs in activated microglia cells. In contrast, we did not observe activation of AKT or ERK in astrocytes following CEP-1347 treatment, as has been reported for neurons by one group (34) , suggesting that the induced upstream block of the p38 and JNK pathway appears to be the most likely mechanism of the effects of CEP-1347.
As in other inf ammatory cells, NF-B was activated strongly in astrocytes, and MLK3 has been reported to affect NF-B activation (35) . NF-B is an important regulator of inf ammatory signaling, but it has also been implicated in cellular survival and in antioxidative defense. Thus, a strong inhibition of NF-B may have unwanted side effects in neurodegenerative conditions (36, 37) . We found that CEP-1347 treatment did not affect NF-B activation in our system and this f ts with other group's observations that MLK3 can affect NF-B activity under certain conditions, but not after proinf ammatory cytokine treatment (38) . Independent support for this notion was provided by the array experiment. Multiple NF-B-regulated genes were examined (for a review, see Ref. 37) , and the lack of regulation of these genes by CEP-1347 is in agreement with our results from the translocation assay, which demonstrates that CEP-1347 does not block NF-B signaling.
From our initial results it could appear that CEP-1347 would block the up-regulation of all inf ammatory genes, unspecif cally. To test this, we hybridized cDNA from various combinations of CCM and CEP-1347-treated samples onto a small custom spotted array. From this experiment, it was apparent that CEP-1347 did not block transcription of all inf ammation-regulated genes, but only a specif c subset: iNOS, IL-6, Cox-2, GM-CSF, RANTES (borderline). Although many genes were not affected signif cantly (ex., MnSOD), other genes were even up-regulated (ATF4, IAP-2). This showed that CEP-1347 worked as a differential modulator of astroglial inf ammation and not only as a strictly anti-inf ammatory drug. Results from the array were fully conf rmed by quantitative PCR and we further observed a down-regulation of TNF and uPA, two genes not present in the hybridization experiment.
IAP-2 is a member of an antiapoptotic family of proteins directly responsible for caspase inhibition (39, 40) . Inf ammation can render astrocytes sensitive to apoptosis induction, e.g., via the Fas system, and CEP-1347 may act antiapoptotic and protective by up-regulation of IAP-2. Another factor possibly contributing to astrocyte survival under inf ammatory conditions is ATF4. This transcription factor (also called CREB-2, TAXREB67, or C/ATF) is responsible for cell survival during episodes of metabolic or oxidative stress (41, 42) . ATF4 is an important regulator of amino acid transporters and proteins involved in antioxidative stress responses (42) . The antioxidant glutathione is essential for the cellular detoxif cation of reactive oxygen species in the brain and astrocytes are the only cell type capable of exporting glutathione to the extracellular milieu and to neurons (43) . This may be of relevance during episodes of inf ammation or tissue injury when enormous amounts of reactive oxygen species are generated. Notably, CEP-1347 did not affect the benef cial inf ammation-induced upregulation of MnSOD, an enzyme that scavenges superoxide and converts it to hydrogen peroxide. For the disposal of hydrogen peroxide, cells require glutathione. Thus, the balanced regulation of SOD and ATF4 by CEP-1347 provides astrocytes with a good basis to f ght oxidative stress during inf ammation.
In conclusion, we report here initial evidence that the MLKs are involved in astrocyte inf ammatory signaling. Furthermore, we FIGURE 10. Reversal of initiated inf ammation by treatment with CEP-1347. A, Astrocytes were treated with CCM for 8 h (all data points) and CEP-1347 (500 nM) was added at different times as indicated on the x-axis. After the end of the experiment, total RNA was purif ed and reverse transcribed. Quantitative PCR measurements of iNOS transcripts were performed and are displayed as GAPDH-normalized values. B, Cells were treated with CCM for 24 h and CEP-1347 (500 nM) was added at different times as indicated on the x-axis. NO production was measured 24 h after CCM addition. C, Cox-2 transcripts were quantif ed from the same cDNA preparations as in A. All data are presented as means of triplicates Ϯ SD.
show that the neuroprotective MLK inhibitor CEP-1347 has a complex and specif c anti-inf ammatory prof le, reducing cytokine/ chemokine production while at the same time inducing an antiapoptotic and antioxidative response in primary cultures of astrocytes. There is a possibility that MLK inhibitors may have potential as anti-inf ammatory agents. However, further work on non-neuronal cell types and in vivo models is required to corroborate this hypothesis.
